We report additional transient resonance Raman spectra and density functional theory computations for the products formed following ultraviolet photoexcitation of solution phase polyhalomethanes containing bromine and/or iodine atoms. We show that the iso-polyhalomethane photoproduct is responsible for the intense transient absorption band observed in the 350-470 nm region after ultraviolet excitation of polyhalomethanes in the solution phase. We examine the trends and correlation in the density functional theory optimized geometry and intense electronic absorption transition in the 350-470 nm region for the iso-polyhalomethanes containing bromine and/or iodine atoms. We explore the chemical reactivity of the iso-polyhalomethane species using density functional theory computations for the reaction of iso-CH 2 Br-Br with ethylene as an example. Our results and comparison with experimental data in the literature indicate that the iso-polyhalomethane species is most likely the methylene transfer agent in the cyclopropanation reactions of olefins using ultraviolet photoexcitation of polyhalomethanes in the solution phase. We briefly discuss the possibility that the photochemistry and chemistry of the iso-polyhalomethanes may give significant release of reactive halogens to the atmosphere.
I. INTRODUCTION
Polyhalomethanes such as CH 2 I 2 , CH 2 BrI, and CH 2 Br 2 have been observed in the atmosphere and are potentially significant sources of organoiodine and organobromine compounds emitted into the atmosphere. [1] [2] [3] [4] [5] [6] Thus, polyhalomethane photochemical and chemical reactions as well as their lifetimes are of increasing interest in atmospheric chemistry. 1-6 CH 2 I 2 , CH 2 BrI, and CH 2 Br 2 have recently had their gas phase ultraviolet-visible absorption spectra measured over the 215-390 nm range and their atmospheric photolysis rates were estimated as a function of altitude and solar zenith angle. 6 Polyhalomethanes are also of interest in a variety of synthetic chemistry reactions such as cyclopropanation reactions of olefins and diiodomethylation of carbonyl compounds. [7] [8] [9] [10] [11] [12] [13] [14] [15] Ultraviolet photolysis of CH 2 I 2 in the presence of olefins in the solution phase has found utility to produce cyclopropanated products with high stereospecificity. [8] [9] [10] Ultraviolet excitation of polyhalomethanes in the gas phase appears to typically lead to a direct carbon-halogen bond cleavage reaction͑s͒. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Anisotropy measurements from molecular beam experiments indicate these direct photodissociation reactions usually occur on a time scale much less than a rotational period of the parent molecule. 16, 18, [19] [20] [21] Translational photofragment spectroscopy experiments for CH 2 I 2 , 18 CH 2 BrI, 21 and CF 2 I 2 , 22, 23 showed that the polyatomic photofragments receive substantial amounts of internal excitation of their vibrational and rotational degrees of freedom. Resonance Raman investigations showed several polyhalomethanes have multidimensional reaction coordinates and short-time dynamics qualitatively consistent with a semirigid radical impulsive model of the photodissociation in both the gas and solution phases. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Ultraviolet excitation, direct photoionization, and radiolysis of CH 2 I 2 in the solution phase all give rise to characteristic absorption bands ϳ385 nm ͑strong intensity͒ and ϳ570 nm ͑moderate intensity͒ [39] [40] [41] [42] [43] [44] [45] which have been attributed to several different possible photoproduct species such as trapped electrons, 39 the cation of diiodomethane (CH 2 I 2 ϩ ), 43, 45 and the isomer of diiodomethane ͑iso-CH 2 I-I͒. 41, 42 Several femtosecond transient absorption studies examined the photodissociation reaction of CH 2 I 2 in the solution phase [46] [47] [48] using probe wavelengths of 620 nm, 46 400 nm, 47 and 290-1220 nm ͑Ref. 48͒ to follow the formation and decay of photoproducts. These transient absorption spectra all exhibited similar qualitative features of a fast rise time followed by a fast decay and then a slow rise but three different interpretations were given depending on the assignment of the photoproduct species responsible for the characteristic ϳ385 nm and ϳ570 nm absorption bands. [46] [47] [48] This uncertainty about the identity of the photoproduct species [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] prompted us to use transient resonance Raman experiments and density functional theory computations to better characterize the photoproduct͑s͒. 49 We showed conclusively that the iso-diiodomethane ͑iso-CH 2 I-I͒ species is the photoproduct responsible for the ϳ385 nm transient absorption band observed after ultraviolet excitation of diiodomethane in the solution phase. 49 Comparison of these results to those found from gas phase experiments as well as solution phase femtosecond transient absorption experiments a͒ suggest that solvation gives rise to noticeable amounts of the iso-diiodomethane photoproduct by interaction of the initially produced CH 2 I and I fragments with the solvent cage around the parent molecule. Many other polyhalomethane molecules exhibit signature transient absorption bands following excitation in condensed phase [38] [39] [40] [41] [42] [43] [44] [45] and we have started to characterize the identity of some of these photoproduct species using a combination of transient resonance Raman spectroscopy and density functional theory computations. [50] [51] [52] We found that excitation of either the A-band or B-band absorption transitions of CHI 3 produced the same iso-CHI 2 -I photoproduct species and this suggests that production of iso-polyhalomethane species is not specific to a particular transition and likely occurs generally for n→* transitions localized on C-X bonds. Our recent observation of the iso-CH 2 I-Br species following A-band or B-band photoexcitation of CH 2 BrI ͑Ref. 51͒ and the iso-CH 2 Br-Br species after ultraviolet photoexcitation of CH 2 Br 2 ͑Ref. 52͒ in room temperature solutions provide further support for this hypothesis.
In this paper, we report transient resonance Raman spectra and density functional theory calculations for several additional polyhalomethanes. We compare results for seven different polyhalomethanes containing iodine and/or bromine atoms in order to investigate how the iso-polyhalomethane structures and properties vary with different iodine and bromine substitutions. We discuss trends found for the number of iodine and bromine atom substitutions and the relative stability of the iso-polyhalomethane species. We briefly discuss possible implications for cyclopropanation reactions and the chemistry and photochemistry of organoiodine and organobromine compounds in the atmosphere.
II. EXPERIMENT
CBr 4 ͑99%͒, CHI 3 ͑99%͒, CHBr 3 ͑99ϩ%͒, CH 2 I 2 ͑99%͒, CH 2 Br 2 ͑99%͒, CBr 3 F ͑99ϩ%͒, CH 2 BrI ͑ϳ97%͒ and spectroscopic grade cyclohexane solvent ͑99.9ϩ%͒ were used to prepare samples ͑ϳ0.10-0.20 M͒ for the transient resonance Raman experiments. The experimental apparatus and methods for the nanosecond transient resonance Raman experiments have been previously given [49] [50] [51] [52] [53] [54] [55] [56] so only a brief description will be presented here. The pump and probe excitation wavelengths were provided by the hydrogen Raman shifted laser lines and/or harmonics of a Nd:YAG nanosecond pulsed laser. Spectra were acquired using pumpprobe time-delays of 0 ns and 10 ns ͑spectra at both timedelays were similar to one another͒. A near collinear geometry was used to lightly focus and overlap the pump and probe beams onto a flowing liquid jet of the sample. The Raman scattering signal was collected using a backscattering geometry and reflective optics and then imaged through a depolarizer and entrance slit of a spectrograph. The grating of the spectrograph dispersed the Raman signal onto a liquid nitrogen cooled CCD detector. The Raman signal was sampled for 300-600 s before being read out to an interfaced PC computer and 10-20 of these readouts were added together to obtain the Raman spectrum ͑pump only, probeonly, pump-probe resonance Raman spectra, and a back-ground spectrum were acquired for each sample͒. The known vibrational frequencies of the cyclohexane solvent bands were used to calibrate the resonance Raman spectra. The solvent bands and parent compound Raman bands were removed by subtracting the pump-only and probe-only Raman spectra from the pump-probe resonance Raman spectrum so as to obtain the transient resonance Raman spectrum.
III. CALCULATIONS
The Gaussian program package ͑G98W͒ was used for all the density functional theory ͑DFT͒ calculations 57 and complete geometry optimizations were obtained analytically using C 1 symmetry. B3LYP computations 57, 58 were done to find the optimized geometry and vibrational frequencies of the species examined. Time-dependent density functional theory at random phase approximation 59 ͓TD͑RPA͔͒ was used to estimate the electronic transition energies of the species under investigation. The 6-311G(d,p), aug-cc-PVTZ, 60, 61 and/or Sadlej-PVTZ ͑Refs. 62, 63͒ basis sets were used for the density functional theory computations.
We explored the reactivity of the iso-polyhalomethane species by performing density functional theory ͑B3LYP with C 1 symmetry͒ computations for reactions of iso-CH 2 Br-Br and CH 2 Br radical with ethylene. The complete active space SCF ͑CASSCF͒ approach 64-66 was employed for investigation of the dissociation of iso-CH 2 Br-Br, since the dissociation involves formation of radicals. An active space with ten electrons in eight orbitals, which originates mainly from 4p electrons of two Br atoms, was used in the CASSCF calculations ͓hereafter referred to as CAS͑10,8͔͒. Analytic frequency calculations were done in order to confirm the optimized structure as a minimum or first-order saddle point, and to carry out the zero-point energy correction. IRC calculations confirmed the transition state connects the related reactants. 67 The standard 6-31ϩG* basis set was used for the chemical reaction calculations. We note that relativistic effects may influence the calculated energy of a system that contains heavy atoms, such as Br and I atoms. However, we are concerned about the relative energies ͑barrier heights and reaction energies͒ in our chemical reaction computations, and the energy errors originating from relativistic effects will partially cancel out in the calculated relative energies. Thus, we expect that relativistic effects have little influence on the reaction processes investigated here. This is one of the reasons why polarization and diffuse functions were not used for the hydrogen atoms in the chemical reaction computations. Energies of the reactants and products are determined by supermolecule calculations with the intermolecular distance being fixed at 20 Å. In this way, the basis set superposition error is corrected in the computation.
IV. RESULTS AND DISCUSSION
A. Transient resonance Raman spectra, density functional theory computational results, and assignment of iso-polyhalomethane species to the transient resonance Raman spectra Figure 1 shows the ultraviolet absorption spectra of CH 2 Br 2 , CHBr 3 , CBr 4 , CFBr 3 , CH 2 I 2 , CHI 3 , and CH 2 BrI in cyclohexane solution. Figure 2 shows a typical pump only spectrum in the probe wavelength region ͑A͒, a probe only resonance Raman spectrum ͑B͒, a pump-probe resonance Raman spectrum ͑C͒, and the transient resonance Raman spectrum of the CHBr 3 photoproduct ͑D͒ ͑obtained after subtraction of the pump only spectrum and the probe only spectrum from the pump-probe resonance Raman spectrum͒. Figure 3 presents transient resonance Raman spectra of the isomer photoproducts formed from ultraviolet excitation of the seven polyhalomethanes shown in Fig. 1 . Since the nanosecond transient absorption spectra in cyclohexane solvent for most of the compounds examined in this study are not known, we did not include any correction of wavelengthdependent reabsorption in the pump-probe spectra. This could lead to some oversubtraction at large Raman shifts in Figs. 2 and 3. However, most of the resonance Raman bands of interest are found below 1000 cm Ϫ1 and any effect of oversubtraction on the bands of interest should be small. All of the spectra display most of their intensity in the fundamentals, overtones and combination bands of several Franck-Condon active modes. Density functional theory computations were done for several species that have been proposed as photoproducts for each polyhalomethane system studied so as to elucidate the species mainly responsible for the transient resonance Raman spectra. The DFT computed parameters for the optimized geometry for the isopolyhalomethane, the polyhalo͑or halo͒methyl radical fragment and polyhalomethane cation species are given in the supplementary EPAPS material. 68 Table I list the vibrational frequencies obtained from the optimized geometry for each of the proposed species for each molecular system examined in this study and compares them to available vibrational frequencies from resonance Raman and IR experiments. The transient resonance Raman spectra shown in Fig. 3 have fundamental vibrational frequencies that are in good agreement with those predicted for iso-polyhalomethane species but not 42͒ to the B3LYP calculated vibrational frequencies for the species whose optimized geometry is given in ͑which also display a combination band with one another͒. In addition, the cation CHBr 3 ϩ has only one A 1 vibrational mode in the 500-850 cm Ϫ1 region ͑at 545 cm Ϫ1 ͒ while the experimental spectrum in Fig. 3 clearly shows three fundamentals at 566 cm Ϫ1 , 658 cm Ϫ1 , and 834 cm Ϫ1 . Thus, we can rule out the CHBr 3 ϩ cation as the species responsible for the transient resonance Raman spectrum of the CHBr 3 photoproduct. The CHBr 2 radical fragment also displays only one A 1 fundamental in the 500-850 cm Ϫ1 region ͑at 615 cm Ϫ1 ͒ and one fundamental in the 100-250 cm Ϫ1 region ͑at 185 cm Ϫ1 ͒. The CHBr 2 radical fragment can also be ruled out as the species responsible for the transient resonance Raman spectrum of the bromoform photoproduct which clearly has fundamental bands at 169 cm Ϫ1 , 214 cm Ϫ1 , 566 cm Ϫ1 , 658 cm Ϫ1 , and 834 cm Ϫ1 . The CHBr 2 ϩ cation exhibits computed vibrational frequencies ͑see Table I͒ similar to those for the CHBr 2 radical and can likewise be ruled out as the photoproduct species. The radical fragment species ͑like CH 2 X, CHX 2 , and CX 3 ͒ have structures and vibrational frequencies similar to those for the corresponding cation fragment species ͑like CH 2 X ϩ , CHX 2 ϩ , and CX 3 ϩ ͒. This and the fact that none of the radical fragment species can be assigned to the observed photoproduct species makes it highly unlikely the cation fragment is responsible for the transient resonance Raman spectra observed in Fig. 3 . Thus, we only computed optimized structures and vibrational frequencies for selected cation fragment species ͑CHBr 2 ϩ , CH 2 Br ϩ , and CBr 3 ϩ ͒ for comparison purposes. Similar arguments to those given above for possible CHBr 3 photoproduct species indicate that all of the transient resonance Raman spectra for polyhalomethane photoproducts shown in Fig. 3 belong to isopolyhalomethane species and not the parent molecule cation species or the radical ͑or cation͒ fragment species. Figure 4 shows schematic diagrams of the structures of the eight isopolyhalomethane species investigated in this paper. Inspection of Table I shows that the iso-polyhalomethane species containing iodine and/or bromine atoms generally have two or more vibrational modes with A 1 or AЈ symmetry in the 100-200 cm Ϫ1 region associated with the halogen-halogen ͑X-X͒ stretch and carbon-halogen-halogen ͑C-X-X͒ bend motions. The Br-C-Br bend is involved sometimes in the case of the more highly substituted iso-CBr 4 and iso-CFBr 3 species. The presence of two or more A 1 or AЈ vibrational fundamentals in the 100-200 cm Ϫ1 region of the resonance Raman spectra appears indicative of the polyhalomethane isomer species that contain a carbon-halogen-halogen ͑C-X-X͒ structure. These modes generally display strong overtones and/or combination bands with other Franck-Condon active modes in the resonance Raman spectra of Fig.  3 . This indicates the strong transient absorption bands in the 350-470 nm region for the isomer photoproducts are associated with the C-X-X chromophore ͑where XϭBr and/or I͒.
B3LYP/3-21G* time-dependent random phase approximation ͑TD/RPA͒ computations to estimate the electronic transition energies have been done previously for CH 2 I 2 and reasonable agreement was obtained between the computed and experimental values. 69 Results for similar computations are shown in Table II for the isomer, cation, and radical fragment species that have been proposed as photoproducts from ultraviolet photoexcitation of polyhalomethanes in condensed phase environments. The polyhalomethane isomer species have computed singlet transitions in the 350-470 nm region with strong oscillator strengths ͑iso-CBr 4 at 454 nm with 0.4511 oscillator strength, iso-CHBr 3 at 395 nm with 0.5952 oscillator strength, iso-CFBr 3 at 400 nm with 0.4070 oscillator strength, iso-CH 2 Br 2 at 358 nm with 0.5883 oscillator strength, iso-CHI 3 at 465 nm with 0.5096 oscillator strength, iso-CH 2 I 2 at 425 nm with 0.4023 oscillator strength, iso-CH 2 I-Br at 358 nm with 0.4582 oscillator strength, and iso-CH 2 Br-I at 422 nm with 0.5317 oscillator strength͒. These strong electronic transitions show a reasonable correlation with the strong experimental transient absorption bands reported earlier for photoproducts formed after photoexcitation of polyhalomethanes in low temperature solids. [39] [40] [41] [42] [43] [44] [45] For example, Simon and Tatham 39 observed intense experimental absorption bands at ϳ504 nm for CBr 4 photoproduct, ϳ446 nm for the CHBr 3 photoproduct, ϳ390 II. Electronic absorption transition energies ͑singlet transitions͒ obtained from density functional theory calculations for the species whose optimized geometry is listed in the EPAPS and whose computed vibrational frequencies are given in nm for the CH 2 Br 2 photoproduct, ϳ445 nm for the CHI 3 photoproduct, and ϳ380 nm for the CH 2 I 2 photoproduct in a 77 K isopentane-methylcyclohexane glass. However, the cation and radical fragment species generally do not exhibit computed strong electronic transitions in the 350-470 nm region. This provides further support for our assignment of the iso-polyhalomethane species as the photoproducts responsible for the intense transient absorption bands [39] [40] [41] [42] [43] [44] [45] and the transient resonance Raman spectra of Fig. 3 .
B. Trends observed in iso-polyhalomethanes containing bromine andÕor iodine
The optimized geometry for the iso-CH 2 Br-Br, iso-CHBr 3 , iso-CBr 4 , and iso-CFBr 3 species ͓using the same 6-311G(d,p) computations across this series of compounds͔ and the iso-CH 2 I-I and iso-CHI 3 species ͑using the sadlej-PVTZ basis set͒ shows some interesting trends. As the number of Br atoms increases, the C-Br 1 -Br 2 angle and the C-Br 1 bond length increase noticeably from 123.2°and 1.774 Å in iso-CH 2 Br-Br to 139.3°and 1.837 Å in iso-CBr 4 . However, the Br 1 -Br 2 bond length stays in a narrow range for the iso-CH 2 Br-Br, iso-CHBr 3 and iso-CBr 4 species ͑2.699 Å, 2.720 Å, and 2.706 Å, respectively͒. This suggests that replacement of the hydrogen atoms by bromine atoms results in somewhat weaker C-Br bonds and some crowding of the terminal Br 2 atom so that the C-Br 1 -Br 2 angle increases without affecting the Br 1 -Br 2 bond very much. This also appears to be the situation for replacement of a hydrogen atom by an iodine atom in the iodine containing polyhalomethanes: the C-I 1 -I 2 angle and the C-I 1 bond length increase noticeably from 118.2°and 1.957 Å in iso-CH 2 I-I to 128.8°and 2.000 Å in iso-CHI 3 , while the I 1 -I 2 bond length stays in a narrow range ͑3.042 Å and 3.036 Å, respectively͒. Upon going from the dihalomethane to the haloform, there is a larger change in the C-X 1 -X 2 angle and C-X 1 bond length for the iodine compounds ͑ϩ10.6°and ϩ0.043 Å͒ compared to the bromine compounds ͑ϩ5.2°and ϩ0.017 Å͒. This suggests that steric effects and the polarizability of the replacement atom are mostly responsible for this substituent effect ͑at least in bromine and iodine containing polyhalom-ethanes͒. These trends in the C-X 1 -X 2 angle and C-X 1 bond length for the iodine and bromine containing compounds exhibit some correlation with the transition energy of the intense transitions in the 350-470 nm region computed for these compounds in Table II . For example, as the number of Br atoms increases the most intense electronic transition shifts from 358 nm for iso-CH 2 Br-Br to 395 nm for iso-CHBr 3 to 454 nm for iso-CBr 4 . This also occurs for iodine containing polyhalomethanes: 425 nm for iso-CH 2 I-I and 465 nm for iso-CHI 3 . Each additional bromine or iodine atom appears to red shift the most intense electronic transition ϳ40 to 60 nm. The isomer species containing Br atoms have transitions that are blue shifted ϳ60 nm or so compared to the corresponding iodine containing polyhalomethanes. This appears to be due to the influence of the C-Br vs the C-I part of the C-X-X chromophore. The bromoiodomethane isomers, iso-CH 2 I-Br and iso-CH 2 Br-I, do not follow the expected trend for their absorption band position: one may expect that the isomer containing the C-I bond should be at a longer the wavelength compared to the isomer containing the C-Br bond. To better understand this paradox, it is useful to consider the halogen-halogen bond lengths in comparison to the isomer species containing only bromine or iodine atoms. The I-Br bond length is computed to be 2.790 Å in iso-CH 2 I-Br. This value is closer to a Br-Br bond length ͑ϳ2.70 Å͒ found in the iso-polyhalomethanes containing bromine atoms while the Br-I bond length is computed to be 2.926 Å in iso-CH 2 Br-I which is closer to a I-I bond length ͑ϳ3.04 Å͒ found in the iso-polyhalomethanes containing iodine atoms. Since the I-Br bond length is close to that for the Br-Br bond length then the energy of the intense electronic transition for iso-CH 2 I-Br should be similar to that found for iso-CH 2 Br-Br. Since the Br-I bond length is close to that for the I-I bond length then the intense electronic transition for iso-CH 2 Br-I should be similar to that found for iso-CH 2 I-I. This is indeed the case, the 358 nm strong transition of iso-CH 2 I-Br is similar in energy to the ϳ358 nm strong transition of iso-CH 2 Br-Br and the 422 nm strong transition of iso-CH 2 Br-I is close to that of the 425 nm strong transition of iso-CH 2 I-I. Thus, it appears that halogen-halogen part of the C-X-X chromophore is more important in determining the electronic transition energy than the C-X bond length and the C-X-X bend angle al- though these are also important. This is consistent with the intensity pattern of the Franck-Condon active modes found in the transient resonance Raman spectra of Fig. 3 . The transient resonance Raman spectra show that the halogenhalogen stretch vibrational modes are generally the most intense progression and usually form combination bands with the Franck-Condon active modes associated with the C-X-X bend and C-X motions. Replacement of a hydrogen atom in iso-CHBr 3 to give iso-CFBr 3 results in intriguing changes in the computed geometry. First, the C-Br 1 bond in iso-CFBr 3 ͑ϳ1.888 Å͒ is weakened further than in iso-CBr 4 ͑ϳ1.837 Å͒ and the C-Br 1 -Br 2 bend angle increases further in iso-CFBr 3 ͑to ϳ149.1°͒ than in iso-CBr 4 ͑to ϳ139.3°͒. In addition, the Br 1 -Br 2 bond becomes noticeably stronger in iso-CFBr 3 ͑to ϳ2.651 Å͒ while the Br 1 -Br 2 bond remains almost the same in iso-CBr 4 , iso-CHBr 3 , and iso-CH 2 Br-Br ͑2.706 Å, 2.720 Å, and 2.699 Å, respectively͒. This indicates that replacement of a hydrogen atom by a fluorine atom results in somewhat different behavior than replacement of a hydrogen atom by a bromine atom or an iodine atom in the isopolyhalomethanes. The smaller and substantially more electronegative fluorine atom appears to perturb the isopolyhalomethane structure more through the bonds ͑i.e., the C-X and X-X bonds and hence the C-X-X angle as well͒. However, the larger and less electronegative but more polarizable bromine and iodine atoms perturb the isopolyhalomethane structure more through steric and dispersion effects ͑i.e., mainly affects the C-X bond and C-X-X angle but not very much effect on the X-X bond͒.
It is also intriguing that the computed intense electronic transition energy only shifts to ϳ400 nm for iso-CFBr 3 compared to ϳ454 nm for iso-CBr 4 and ϳ395 nm for iso-CHBr 3 . As one goes from iso-CH 2 Br-Br to iso-CHBr 3 to iso-CBr 4 the C-Br bond becomes longer and the C-Br-Br angle larger while the Br-Br bond length is about the same and the intense electronic transition energy shifts from 358 nm to 395 nm to 454 nm ͑see Table II͒. Since the C-Br bond length and the C-Br-Br bond angles are even larger for the iso-CFBr 3 species compared to the iso-CBr 4 species, one might expect that the transition energy of the intense absorption band for iso-CFBr 3 should be even more red shifted compared to the iso-CBr 4 species. Why is this not the case? It is important to remember that there is a very strong correlation of the halogen-halogen bond length with the position of the strong electronic absorption band associated with the C-X-X chromophore ͑see our preceding discussion of the two iso-bromoiodomethane species͒. The iso-CFBr 3 species has a noticeably stronger Br-Br bond ͑ϳ2.651 Å͒ compared to iso-CBr 4 ͑ϳ2.706 Å͒ and this probably blue shifts the intense electronic absorption associated with the C-X-X chromophore. This appears to illustrate competition between the C-X bond length, the C-X-X bond angle and the X-X bond length in determining the position of the intense electronic transition associated with the C-X-X chromophore in the iso-polyhalomethane species. Our preliminary results indicate that fluorine containing iso-polyhalomethane species will likely have a stronger halogen-halogen bond than the corresponding iso-polyhalomethane species that does not contain fluorine. This may cause the position of the intense electronic transition associated with the C-X-X chromophore to be blue shifted from the position expected based only on the changes in the C-X bond length and C-X-X angle upon iodine and/or bromine atom substitution.
We have performed density functional theory computations to explore the stability of the iso-polyhalomethane relative to the parent polyhalomethane and these results are shown in Table III . When the number of iodine or bromine atoms increase, the energy of the iso-polyhalomethane species decreases and becomes closer to that of the parent compound. For example as one goes from iso-CH 2 I 2 to iso-CHI 3 , the ⌬E relative to the parent molecule goes from 40.3 kcal/ mol for iso-CH 2 I-I to 30.8 kcal for iso-CHI 3 . There is a similar trend for the bromine species ⌬E: 51.3 kcal/mol for iso-CH 2 Br-Br, 42.7 kcal/mol for iso-CHBr 3 and 32.8 kcal/ mol for iso-CBr 4 . As the halogen atom species changes from iodine to bromine, the energy of the isomer becomes larger ͑for example changing from iso-diiodomethane with ⌬E ϭ40.3 kcal/mol to iso-dibromomethane with ⌬E ϭ51.3 kcal/mol͒. Addition of fluorine appears to only moderately lower ⌬E ͑compare iso-CFBr 3 to iso-CHBr 3 in Table  III͒ . The number and identity of the halogen atoms in isopolyhalomethanes significantly changes their stability relative to the parent polyhalomethane species. We note the caveat that the computed values are for isolated molecules and it is unclear how much solvent effects will change these values.
C. Implications for cyclopropanation reactions of olefins via ultraviolet photoexcitation of polyhalomethanes in the presence of olefins
There is some evidence in the literature 70 that isopolyhalomethanes react with olefins. Brown and Simons 70 noted that ultraviolet excitation of polyhalomethanes produced ''color centers'' that had characteristic intense transient absorption bands in the 350-470 nm region. When trace amounts of olefins were added and the 77 K matrix allowed to warm up then new transient absorption bands ϳ310-320 nm appeared with clean isobestic points from the 70 The new transient absorption bands ϳ310-320 nm also do not appear when the olefins are not present. No Br 2 was produced from ultraviolet excitation of polybromomethanes in the absence of olefins. 70 We have shown that these ''color center'' intense transient absorption bands in the 350-470 nm region are really due to the isopolyhalomethane species ͑this work and Refs. 49-52͒ for many of the polyhalomethanes examined including CHBr 3 ͑this work͒, CH 2 Br 2 , 52 and CH 2 I 2 . 49 This combined with the previous experiments of Brown and Simons 70 indicates that iso-polyhalomethanes readily react with olefins to give a halogen molecule product which then forms a halogen molecule-olefin complex. The following reaction scheme ͑using CH 2 I 2 and CH 2 Br 2 as an example͒ is consistent with these observations:
Initiation step CH 2 X 2 ϩh→CH 2 XϩX, ͑1͒
Recombination to produce isomer CH 2 XϩX→iso-CH 2 X-X. ͑2͒
Reaction of iso-CH 2 X-X with olefin iso-CH 2 X-X ϩolefin→cyclopropanated productϩX 2 , ͑3͒
Formation of X 2 -olefin complex X 2 ϩolefin⇔X 2 -olefin complex. ͑4͒
We have performed additional density functional theory computations to investigate the reaction of iso-CH 2 Br-Br and ethylene as described in the Sec. III. The iso-CH 2 Br-Br system was chosen since it is the smallest polyhalomethane we examined and therefore the most computationally tractable reaction to study. Figure 5 shows a simple schematic diagram outlining the reaction pathway for the iso-CH 2 Br-Br with ethylene and CH 2 Br with ethylene reactions with the transition state, intermediate, and product energies given relative to the separated reactants. The iso-CH 2 Br-Br molecule approaches ethylene in an asymmetric way, preferentially attacking the CH 2 groups of ethylene from above the molecular plane. The chemical reaction computations indicate a complex is formed with the two intermolecular C-C distances of 3.258 Å and 3.772 Å and a binding energy of only 0.6 kcal/mol. A transition state ͑TS͒ is found on the way from this complex to the products of cyclopropane (C 3 H 6 ) and Br 2 . The C-C and C-Br bonds are lengthened by 0.023 Å and 0.086 Å and the Br-Br bond is shortened by 0.024 Å in the TS with respect to the reactant complex. The Br-Br-C angle changes from 126.7°in the reactant complex to 142.2°in TS. The structural changes are consistent with the fact that intermolecular interaction is much stronger in TS than in the complex, which results in the intramolecular C-C and C-Br bonds being weakened.
An imaginary frequency of 244.6(i) cm Ϫ1 was found for the TS structure by vibrational analysis. The eigenvector corresponding to the negative eigenvalue of the force constant matrix indicates that the internal coordinate reaction vector is mainly composed of changes in the C-C intermolecular bond length and the Br-Br-C bond angle. The reaction vector has been identified as 0.41 R C1-C3 ϩ0.56 R C1-C2 Ϫ0.22 A Br-Br-C3 . IRC calculations at the UB3LYP level confirm the transition state to connect the reactants of CH 2 CH 2 ϩiso-Br-Br-CH 2 and the products of C 3 H 6 ϩBr 2 .
Relative to the separated reactants, the barrier height is calculated to be 3.2 kcal/mol with the zero-point correction. As pointed out before, an intermolecular complex is formed that has a stabilization energy of 0.6 kcal/mol. With respect to the zero-point level of the complex, the barrier becomes 3.8 kcal/mol. It is evident that the addition reaction between CH 2 CH 2 and iso-Br-Br-CH 2 proceeds very easily, due to a Selected computed structural parameters for the iso-CH 2 Br-Br reaction with ethylene for TS: Br-Brϭ2.712 Å, C 3 -Brϭ1.864 Å, C 1 -C 2 ϭ1.359 Å, C 3 -C 2 ϭ2.226 Å, C 3 -C 1 ϭ2.748 Å, Br-C 3 -C 2 ϭ115.1°, Br-Br-C 3 ϭ142.2°, C 3 -C 2 -C 1 ϭ97.1°. Selected computed structural parameters for CH 2 Br reaction with ethylene in ͑b͒: for TS1, C 3 -Br ϭ1.899 Å, C 1 -C 2 ϭ1.359 Å, C 3 -C 2 ϭ2.337 Å, Br-C-Cϭ113.2°,
very small barrier on the way to products. Iso-Br-Br-CH 2 is an energetic molecule, and decomposition and isomerization of iso-Br-Br-CH 2 molecules may be in competition with the addition reaction. The CAS(10,8)/6-31ϩG* calculations show that the iso-Br-Br-CH 2 dissociation to BrCH 2 ϩBr and CH 2 ϩBr 2 are endothermic of 6.0 and 43.0 kcal/mol, respectively. Previous calculations 52 gave a barrier of about 10.0 kcal/mol for isomerization to CH 2 Br 2 . Therefore, we come to the conclusion that the cyclopropanation reaction is the dominant channel for iso-Br-Br-CH 2 in the presence of ethylene. Results for similar calculations for the CH 2 Br radical with olefins have substantially larger barriers to reaction to give the cyclopropanated product. CH 2 Br forms a very weak complex with ethylene and this complex has a barrier of 7.6 kcal/mol to form an intermediate Br-CH 2 -CH 2 -CH 2 which has a barrier of 19.6 kcal/mol to go on to the cyclopropanated product (C 3 H 6 ) plus Br atom. These computational results show that the CH 2 Br species has a very difficult route to give a cyclopropanated product while the iso-CH 2 Br-Br species readily reacts with olefins to produce a cyclopropanated product ͑see Fig. 5͒ . These preliminary computational results suggest that the iso-polyhalomethane species is most likely the methylene transfer agent ͑i.e., carbenoid species͒ responsible for cyclopropanation reactions via ultraviolet photoexcitation of polyhalomethanes in condensed phase environments in the presence of olefins. Further work is needed to better elucidate the chemical reactivity of the polyalomethane isomer in cyclopropanation reactions of olefins via ultraviolet photolysis of polyhalomethanes in solutions. We are currently using both experimental and theoretical methods to investigate these cyclopropanation reactions for olefins ͑via photoexcitation of polyhalomethanes in condensed phase environments͒ and results will be reported in due course.
D. Possible implications for release of reactive halogens in the troposphere and stratosphere
The iso-polyhalomethane species have an intense electronic absorption band in the 350-470 nm region that have much larger absorption coefficients in the ultraviolet-visible region than their parent polyhalomethanes. The isopolyhalomethane absorption transitions are also significantly red-shifted compared to their parent polyhalomethane molecule. These two properties indicate that the isopolyhalomethanes may be able to undergo further photochemical reactions in condensed phase environments in the atmosphere even though the iso-polyhalomethanes are transient species. It is known that ozone's (O 3 ) ultraviolet absorption spectrum is red-shifted in water and will photodissociate much more rapidly in water than in the gas phase. 71 The fact that the iso-polyhalomethane species readily reforms the parent molecule following visible light photoexcitation 41, 42 in low temperature solids indicates that the X-X bond is broken following photoexcitation of the intense absorption band in the 350-470 nm region with release of a halogen atom. Whether or not these isopolyhalomethane photochemical reactions are important in the atmosphere remains unknown at this time, but the in-creasing importance of multiphase and/or heterogeneous reactions in better understanding atmospheric chemistry suggests that it would be worthwhile to explore the photochemistry of these iso-polyhalomethane species. We note that the lifetimes of these iso-polyhalomethanes would be expected to increase significantly as the temperature decreases and as the phase changes from liquid to solid.
In addition, the very reactive isomer-polyhalomethane species may undergo chemical reactions with olefins ͑such as alkenes, terpenes, and other volatile organic compounds found in the lower atmosphere͒ [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] and release a halogen molecule ͑X-X͒ as a product in cyclopropanation and/or other reactions ͑see Sec. IV C͒. Thus, formation of isomerpolyhalomethanes in condensed environments ͑such as water droplets and aerosol particles͒ may release reactive halogens into the atmosphere by both photochemical reactions and chemical reactions. Since so little is known about the photochemistry and chemistry of these intriguing isopolyhalomethane species, it is not clear whether they will have any noticeable impact on the chemistry of the atmosphere. However, there are some recent observations that indicate the photochemistry of polyhalomethanes containing iodine and bromine does cause noticeable changes in the troposphere. 110 Iodine oxide ͑IO͒ was recently detected by long-path differential optical absorption spectroscopy ͑LP-DOAS͒ during the period of April 21 to May 30, 1997 in Mace Head, Ireland and the increased concentration of IO observed was linked to an increase in the concentration of CH 2 I 2 and CH 2 BrI and their photochemical reactions. 110 This suggests that it would be worthwhile to investigate whether the photochemistry of polyhalomethanes in condensed phase ͑i.e., multiphase and/or heterogeneous reactions͒ environments plays a role in the release of reactive halogens in the atmosphere. We are currently continuing our exploration of the identity, properties, photochemistry, and chemistry of these interesting iso-polyhalomethane species in different solvents ͑including water͒ and phases ͑both liquids and sol-ids͒ using a variety of experimental and theoretical methods.
